, and an E m ϭ -790 mV (18) was estimated for the 1ϩ͞0 couple, which is in line with E m estimates of all-ferrous Fe-S clusters by using discrete Fourier transform calculations (19). Indeed, this latter study raised the question of whether [Fe 4 S 4 ] 0 Av2 can even be made in vivo (1). A value of -790 mV is not consistent with turnover potential measured by Ti(III) and other reductants and with reported potentials for the Ti(IV)͞Ti(III) couple (7, 20) . If an E m ϭ -460 mV for the 1ϩ͞0 couple (16) 
all-ferrous cluster ͉ nitrogenase N itrogenase is a two-component enzyme system present in a number of diverse bacterial species that is responsible for the biological reduction of nitrogen to ammonia. The Fe protein component is the site of MgAXP binding (MgATP or MgADP) and possesses a [Fe 4 S 4 ] cluster, which is reduced by a low potential source of electrons (1) . The catalytically active form of the Fe protein is reduced and bound to two MgATP (2) . Upon binding the MoFe protein, electron transfer from the Fe protein to the MoFe protein is accelerated by ATP hydrolysis (3) .
The Fe protein from Azotobacter vinelandii, Av2, is thought to transfer one electron to the MoFe protein from A. vinelandii (Av1) by using the [Fe 4 S 4 ] 2ϩ ͞[Fe 4 S 4 ] 1ϩ redox couple (2ϩ͞1ϩ). The discovery (4) and characterization (5) (6) (7) (8) (9) (10) (11) (12) of an [Fe 4 S 4 ] 0 Av2 has raised questions regarding how nitrogenase functions (13) (14) (15) because the 2ϩ͞0 couple involves two electrons instead of one (5) (6) (7) to decrease the optimal ATP requirement 2-fold. This energy efficiency makes the study of [Fe 4 (17) , and an E m ϭ -790 mV (18) was estimated for the 1ϩ͞0 couple, which is in line with E m estimates of all-ferrous Fe-S clusters by using discrete Fourier transform calculations (19) . Indeed, this latter study raised the question of whether [Fe 4 S 4 ] 0 Av2 can even be made in vivo (1) . A value of -790 mV is not consistent with turnover potential measured by Ti(III) and other reductants and with reported potentials for the Ti(IV)͞Ti(III) couple (7, 20) . If an E m ϭ -460 mV for the 1ϩ͞0 couple (16) 0 Av2 formation is more positive than the FldSQ͞FldHQ potential of -515 mV. Thus, this result supports the originally measured value of -460 mV rather than the more recent value of -790 mV for the 1ϩ͞0 couple. Possible sources for the discrepancy are as follows: (i) a conformational change in Av2 induced by interaction with reductant that changes its reduction potential and͞or (ii) a conformational change in Fld induced by binding to Av2 that changes its reduction potential.
The first possibility has been suggested in ref. 18 . If the E m of 1ϩ͞0 is -790 mV, then an Av2 conformational change with FldHQ would have to increase its E m to form [Fe 4 S 4 ] 0 Av2. Alternatively, if the E m of 1ϩ͞0 is -460 mV, then an Av2 conformational change in the presence of certain nonphysiological reductants would tend to decrease its E m , making it more difficult for these reductants to reduce Av2. There is no precedent for an Av2 conformational change increasing its E m . Rather, Av2 conformational changes, upon binding of nucleotides and Av1, for instance, tend to decrease the E m of Av2 (1, 18 1ϩ Kp2 (24) . Similar results are seen in Rhodobacter capsulatus (29) . If these proteins in A. vinelandii interact in homologous fashion to those in K. pneumoniae and R. capsulatus, then it is not likely that complex formation occurs between nucleotide-free Av2 and AvFld. Therefore, a change in the reduction potential for Fld in a complex with Av2 is not likely to explain the data in Fig. 1 .
Whereas the rapid kinetics in Fig. 1 0 Av2 is first to combine DT, Av2, and Fld, allow them to react for Ϸ10 min, and then separate the protein mixture by anaerobic Sephadex G-25 gel filtration. A representative EPR spectrum is shown in Fig. 4 0 Av2 (89% fully reduced) involved loading a mixture of DT, Av2, and FldHQ together on a size-exclusion column for separation from DT and collection of the protein mixture effluent (aqua). In this trace, the signal of FldSQ is circled. determined optically times its slope (hertz͞micromole) in the standard curve for proton shift in Fig. 5 . The residual shift is due to the magnetic contribution of FldHQ-reduced [Fe 4 S 4 ] 0 Av2. This result is shown as a single point in Fig. 5 , an average of 0.8 Ϯ 1.4 Hz (1.0, Ϫ0.50, 0.0, and 2.6 Hz) at 0.3 mM, which corresponds to a slope of 2.7 Hz͞mM. The deviation among these data arises from errors in measuring FldSQ concentration determined optically before NMR measurements, allowing time for slow oxidation of FldHQ to make these NMR shifts more positive than they should be. 2 . This behavior is not surprising because E m ϭ -515 mV for FldHQ is comparable to E m ϭ -510 mV reported for Ti(III).
Av2 reduction by FldHQ was repeated in the presence of 1.0 mM MgADP and MgATP (see Fig. 1 0 Av2(MgAXP), then that would yield an ATP͞2e -ratio of 2.54, measurably higher than the observed lower limit of 2.0, suggesting that the remaining Av2(MgAXP) 2 may be reduced to the [Fe 4 S 4 ] 0 state in slower phases of reduction. In particular, nucleotides are known to lower the rate of reduction of Av2 by DT (37) (38) (39) (40) (41) (42) , even breaking up the reduction into multiple phases, some fast, some slow.
Still, it is possible that the FldSQ͞FldHQ couple may not be sufficient for stoichiometric conversion to [ 0 Av2. Even so, it may be that nitrogenase catalysis proceeds with both 2ϩ͞0 and 2ϩ͞1ϩ redox couples simultaneously, or perhaps one or the other predominates depending on in vivo conditions, such as temperature, pH, ionic strength, FldHQ concentration, ATP͞ADP, and component protein concentrations. Some of these considerations are summarized in Scheme 1, an adapted Fe protein cycle (43) to account for all-ferrous activity.
There 0 Av2 formation, possibly through a reductant-induced protein conformational change.
Even so, the physiologically relevant forms of Av2 are nucleotidebound species, which are less readily reduced by FldHQ than is nucleotide-free Av2. But MgATP appears to be only slightly inhibitory (70-80% rapid reduction of [Fe 4 S 4 ] 1ϩ Av2(MgATP) 2 by FldHQ), suggesting that all-ferrous ATP͞2e -ϭ 2 activity could be possible in vivo under high-activity conditions, i.e., excess Av2͞Av1, high FldHQ͞Av2, and high ATP͞ADP. This conclusion is supported by the observation that the ATP͞2e -ratio falls to 2.0 during catalysis with FldHQ in vitro (5). 
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